A strategy is documented that exploits the controlled synthesis of side-chain peptide based stimuliresponsive hybrid macromolecules inspired by amyloid based β-sheet forming peptides. Well-defined side-chain peptidic polymers have been synthesized via reversible addition-fragmentation chain transfer (RAFT) polymerization technique taking a representative methacrylate monomer with a short peptide segment (Leu-Val-Phe) corresponding to amyloid β-peptide Aβ 1-42 . Furthermore, monomethoxy 10 poly(ethylene glycol) (mPEG) macro-chain transfer agent is employed for RAFT polymerization of this peptidic monomer to prepare peptide based amphiphilic nano-carriers; a promising reservoir for hydrophobic nile red dye or doxorubicin based anticancer drug molecules. These hybrid materials can easily produce primary amino groups in terminal of side-chains that can be protonated or deprotonated by changing the pH of the aqueous medium, thus provided "smart" pH-responsiveness and cationic 15 characteristics having complexation capabilities with DNA to form polyplex. Circular dichroism (CD) spectroscopy demonstrates the formation of secondary structure from these peptidic polymers and they adopted β-sheet conformation, which were stable against heat within experimental temperature range and solvent polarity. Solid-state FT-IR spectroscopy has been used to understand the formation of β-sheets as well as distinguishing between its parallel and antiparallel propensity. In vitro cytotoxicity testing 20 indicates the biocompatible nature of these peptidic materials, and confocal laser scanning microscopy (CLSM) images revealed cellular uptake of their drug/dye loaded micelles, which potentially offers them as a suitable candidate with dual bioapplications for drug delivery as well as gene transfer.
Introduction
In recent years, there has been a growing interest in the 25 development of synthetic strategies for the creation of multifunctional materials by taking inspiration from nature. [1] [2] [3] The palette of natural peptides or proteins offers an impressive scope for the design of novel structures and functionalities. 4 Bioactive peptides control many physiological processes and 30 illustrate several valuable characteristics for human health including anifungal, antimicrobial, antiviral, and antitumor activities. 5 Peptides with unique and exciting biological functions such as cell penetrating and tumor homing have been documented and being utilized in wide range of bioapplications.
6,7 Peptide 35 incorporation promotes synthetic polymers in terms of providing much higher complexity due to the possibility of peptides to selfassemble into high-order hierarchical nanostructures, [8] [9] [10] and also can encode their structural information in the polymeric nanomaterials.
11 On the other hand, polymer component can 40 affect the reactivity of peptide by altering their self-association properties, and also it provides additional functionalities for developing highly multifunctional architectures. 12, 13 Therefore, these hybrid biomaterials have found numerous diverse applications such as drug delivery system, 14,15 bioactive 45 hydrogels, 16 structured nanomaterial, 17 etc. [18] [19] [20] [21] Ring-opening metathesis polymerization (ROMP) was successfully used for the synthesis of homopolymers and copolymers substituted with the biologically active oligopeptides. Significant enhancements towards biological activity were 50 observed with polymers substituted with peptides than the free peptide due to multivalent interactions provided by the polymer scaffold. 22 A water soluble polymer containing cell adhesive ArgGly-Asp-Ser sequence in the side chain was synthesized by conventional radical polymerization. 23 van Hest and co-workers 55 polymerized VPGVG (V = valine, P = proline, and G = glycine) peptide based monomer via atom transfer radical polymerization (ATRP) technique to prepare homopolymer and poly(ethylene glycol) (PEG) containing triblock copolymers. 24 To introduce β-sheet functionality into a synthetic polymer, van Hest's group 60 synthesize a Ala-Gly-Ala-Gly tetrapeptide side chain monomer based on known β-sheet-forming sequences, and polymerized by ATRP technique. 25 Adams et al. reported the formation of interand intra-chain β-sheet motif structuring in aqueous solution by the peptidic component of the PEG-b-poly(side-chain peptide)
reported that conjugation of PEG in the PEG hybrid block copolymers containing amphiphilic β-strand peptide sequences stabilized the adopted secondary structure of the peptide and also reduced their sensitivity towards pH variations as compared to the native peptide sequence. 27 Oligopeptide-based chain transfer 5 agents have been synthesized and subsequently utilized for the polymerization of n-butyl acrylate, where chirality of the peptide segment have not been affected by the polymerization procedures. 28 Although side-chain peptide based monomers have been polymerized via a variety of techniques, to the best of our 10 knowledge, there are very limited reports, 10, 13, 29 in which reversible addition-fragmentation chain transfer (RAFT) polymerization has been used. Those studies mainly demonstrated utility of RAFT towards controlled polymerization of bioinspired materials. To investigate higher order structure 15 formation by side-chain tripeptidic polymers, in this study we have synthesized C-terminus modified tripeptidic vinyl monomer and polymerized in a controlled fashion via RAFT technique to prepare pH-responsive side-chain tripeptide containing homopolymers and corresponding PEGylated block copolymers. 20 We have adopted short peptide fragment Leu-Val-Phe (LVF) from the central hydrophobic cluster (CHC) of the amyloid β-peptide Aβ which is critical for fibril formation in Alzheimer's disease, 30, 31 because its derived polymers can have possible potential inhibition of fibril formations by Aβ to treat 25 Alzheimer's disease. 32 Moreover, the acetylated derivatives of this tripeptide containing a C-terminal aldehyde (Ac-LVF-CHO) has been shown to act as a potent HIV protease inhibitor and showed increased activity against cathepsin D and pepsin. 33, 34 Since self-assembly of peptide into β-sheet structures has been a 30 topic of significant recent interest, 35 formation of β-sheet like secondary structures from these peptidic polymers was studied in detail.
Experimental section

35
Materials
Commercial source and purity of 4-dimethylaminopyridine (DMAP), 1-hydroxybenzotriazole hydrate (HOBt hydrate),
dicyclohexylcarbodiimide (DCC), 2-hydroxyethyl methacrylate (HEMA), 2,2΄-azobisisobutyronitrile (AIBN), CDCl 3 , D 2 O and DMSO-d 6 are reported elsewhere. 10 The L-valine methyl ester hydrochloride (HCl·H 2 N-Val-OMe, 99%), L-phenylalanine methyl ester hydrochloride (HCl·H 2 N-Phe-OMe, 98%), pyrene 45 (98%), nile red, doxorubicin hydrochloride (Dox·HCl), monomethoxy poly(ethylene glycol) with molecular weight 2 kDa (mPEG 2k ) and 5 kDa (mPEG 5k ) were purchased from Sigma. The Dox·HCl was deprotonated according to the method reported literature. 36 The solvents such as hexanes, acetone, ethyl acetate, 50 tetrahydrofuran (THF), dichloromethane (DCM) were purified by standard procedures. The mPEG based macro chain transfer agents (mPEG 2k -CTA and mPEG 5k -CTA) were prepared from 4-Cyano-4-(dodecylsulfanylthiocarbonyl)sulfanylpentanoic acid (CDP) based chain transfer agent (CTA) according to our 55 previous report. 10 Synthesis of side-chain Boc-protected tripeptide containing methacrylate monomer Boc-Leu-Val-Pheoxyethyl methacrylate (Boc-LVF-EMA), has been described in the ESI †.
Instrumentation
60
The molecular weights and molecular weight distributions were determined by gel permeation chromatography (GPC) in THF relative to narrow molecular weight poly(methyl methacrylate) (PMMA) standards at 35 o C using 1.0 mL min -1 flow rate. The system is equipped with Waters 515 HPLC pump, 2414 refractive 65 index (RI) detector and two 300×7.5 mm Polargel-M columns from Agilent Technologies. The 1 H and 13 C NMR spectroscopy were carried out in a Bruker AVANCE III 500 MHz spectrometer operating at 500 and 125 MHz, respectively. Positive mode electrospray ionization mass spectroscopy (ESI-MS), FT-IR 70 studies, fluorescence spectroscopy, UV-vis analysis, particle size and zeta potential (ξ) measurements were carried out as reported elsewhere. 10 Experimental details for atomic force microscopy (AFM) and field emission scanning electron microscopy (FE-SEM) studies are provided in the ESI †. Circular dichroism (CD) 75 spectroscopic measurements were performed on a JASCO J-185 CD spectrometer. For cytotoxicity test, MCF-7 cell line was grown on Eagle's minimal essential medium (EMEM, HiMedia) containing 10% fetal bovine serum (HiMedia) and penicillinstreptomycin (HiMedia) solution. Formazan crystals produced Triton-X-100 (Sigma). Then, the cells were subsequently stained with 4′,6-diamidino-2-phenylindole (DAPI, USB Corporation).
RAFT polymerization of Boc-LVF-EMA
Typically, Boc-LVF-EMA (0.30 g, 0.51 mmol), CDP (8.21 mg, 0.204 µmol), AIBN (0.334 mg, 2.04 µmol; 0.1 mL solution of 90 33.4 mg AIBN in 10 mL DMF), DMF (0.5 mL) and a magnetic stir bar were taken in a 20 mL septa sealed vial. The vial was purged with dry N 2 for 20 min and placed in a preheated reaction block at 70 ºC. Around 0.1 mL reaction mixture was removed periodically by a N 2 purged syringe to determine number average 95 molecular weight (M n,GPC ) and molecular weight distribution (PDI) by GPC, and monomer conversion by 1 H NMR spectroscopy by comparing the integration of the monomer vinyl protons with the DMF protons at 8.02 ppm. Polymerization reaction was quenched by cooling the vial on a ice-water bath and 100 exposing the solution to air, diluted with acetone and precipitated into cold hexanes. The polymer, P(Boc-LVF-EMA), was reprecipitated four times form acetone/hexanes and dried under high vacuum at room temperature to constant weight.
Synthesis of block copolymers from mPEG-based macro-
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CTA
A typical block copolymerization procedure is described as follows: Boc-LVF-EMA (0.2 g, 0.34 mmol), mPEG 5k -CTA (5,400 g/mol, 36.6 mg, 6.78 µmol), AIBN (0.111 mg, 0.678 µmol; 0.1 mL solution of 11.1 mg AIBN in 10 mL DMF), DMF 110 (0.5 mL) and a magnetic stir bar were sealed in a 20 mL vial. After N 2 purging (20 min), the vial was placed in a preheated O O Scheme 1 Synthesis of tripeptide monomer derived homopolymers and block-copolymers by RAFT polymerization, followed by deprotection of Boc groups.
Fig. 1
1 H NMR spectra of (A) monomer Boc-LVF-EMA, (B) homopolymer P(Boc-LVF-EMA), and (C) corresponding Bocdeprotected homopolymer P(H3N + -LVF-EMA).
reaction block at 70 ºC. Samples were removed periodically by a 10 N 2 purged syringes and analyzed by NMR spectroscopy for the monomer conversion data. After a predetermined time, the vial was cooled in ice-water bath, and diluted with acetone as necessary. The polymer was precipitated into cold hexanes and allowed to stand, and then the solvent was decanted off. Finally, 15 the block copolymer, mPEG 5k -b-P(Boc-LVF-EMA), was reprecipitated four times from acetone/hexanes and dried under high vacuum at room temperature.
Nile red/Dox loaded micelle preparation
Nile red or Dox-loaded micelles were prepared by a dialysis 20 method following the method reported elsewhere. 37 Typically, block copolymer (20 mg) and Dox/nile red (10 mg) were dissolved in 2 mL of DMSO. Under gentle stirring, the solution was added drop-wise to 10 mL of DI water. After stirring for 2 h at room temperature, the solution was transferred to a 6-8 kDa 25 molecular weight cut off (MWCO) dialysis bag (Spectra/Pro Membrane) and dialyzed for 48 h to remove the organic solvents and free Dox/nile red. During the dialysis water was changed in every 2 to 6 h. The micellar solution was filtered through a 0.45 µm syringe filter and freeze-dried.
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Determination of critical aggregation concentration (CAC) 10 To a volumetric flask, a predetermined amount of pyrene in acetone solution was added and acetone was then evaporated completely. Polymer micellar solutions of different concentrations were added to pyrene in the flask and left to 35 equilibrate with pyrene overnight, the pyrene concentration in the final solution was 6.0×10 -7 mol/L. Fluorescence spectra of as prepared solutions were measured with the excitation wavelength set at 339 nm and the ratios of pyrene probe emission intensities at 392 and 373 nm (I 392 /I 373 ) were plotted as a function of the 40 logarithm of polymer concentrations (log C). The CAC was obtained from the intersection of two tangent plots of intensity ratio I 392 /I 373 versus log C.
Deprotection of Boc-protecting groups from polymers
Typically, P(Boc-LVF-EMA) (50.0 mg) was taken in 1.0 mL 45 DCM and 0.5 mL TFA was added drop-wise at ice-water bath condition. Then, the reaction mixture was stirred at room temperature for 2 h. The resulting Boc-deprotected polymer, P(H 3 N + -LVF-EMA), was isolated by precipitation from diethyl ether, and dried under high vacuum at room temperature. min. Naked plasmid DNA (pDNA) diluted with the same buffer without the polymer was used as the control. DNA was illuminated by ethidium bromide and was visualized with a UV lamp, using a gel documentation system. 15 The MTT reduction assay was used for investigating cytotoxicity of prepared polymers. 38 MCF-7 cells were seeded at a density of 4×10 4 cells/well in a 96 well plate and incubated for 24 h to reach ~80% confluency. Cells were treated with polymers having different concentrations (20 µg/mL to 200 µg/mL) and incubated 20 for 24 h. A set of untreated control cells was also incubated for the same time period. The untreated control and polymer treated experiments were performed in triplicates. To each well, 10% culture volume MTT solution was added and was incubated for 4 h. After incubation, the cell culture medium was disposed off, 25 and MTT solubilization solution was added equally to the culture media volume. After 10 min of incubation, the absorbance at 570 nm was measured. For fluorescence microscopy, two polymer concentrations with 20 µg/mL and untreated control, MCF-7 cells were seeded at a density of 2 × 10 4 cells/well in a 96 well plate 30 and incubated for 24 h. After post incubation, these cells were fixed with 4% paraformaldehyde and then stained with DAPI Finally, it was used for microscopy (BD Pathway855) at 20X magnification. Filter set used for DAPI imaging were excitation filter 380/10 nm, epifluorescence dichroic filter 400DCLP, 35 emission at 430LP with the exposure time of 6 millisecond. Images were acquired using BD AttoVision TM software.
In vitro cytotoxicity test
Cellular uptake studies
The MCF-7 cells treated with polymeric micelles (loaded with Dox or nile red) at various concentrations were seeded at a 40 density of 2 × 10 4 cells/well in a 96 well plate and incubated for 24 h. Then, these cells were fixed with 4% paraformaldehyde, stained with DAPI and images were taken using BD Attovision software. Excitation filter was 548/20 and emission collection was done by 570LP filters. 45 
Results and discussion
Monomer synthesis
The synthesis of amyloidogenic short peptide derived monomer is summarized in Scheme S1. Firstly, tripeptide Boc-LVF-OH was prepared by solution-phase synthesis (Fig. S1-S7 ) and was coupled with HEMA in the presence of DCC and DMAP to generate side-chain peptide containing methacrylate monomer, 5 Boc-LVF-EMA. This as synthesized monomer was purified by silica gel based column chromatography and the structure was fully characterized by NMR ( 1 H and 13 C), FT-IR and mass spectroscopy measurements. In the 1 H NMR spectrum of Boc-LVF-EMA (Fig. 1A) , vinylic protons were clearly observed as 10 two distinct peaks at δ 6.11 and 5.59 ppm. Characteristic resonance signals of tripeptidic segment in Boc-LVF-EMA were also clearly seen at 7.29-7.07 (phenyl group protons), 6.79-6.60 (amide protons of phenylalanine and valine), 5.0 (amide proton of Boc-leucine), 3.17-3.00 (benzyl protons), 1.42 (methyl protons of 15 Boc group), and 0.94-0.77 (dimethyl peaks of leucine and valine). In the 13 C NMR spectrum of Boc-LVF-EMA monomer, the signal corresponds to vinyl carbon and methyl carbons of Bocgroup are observed at 126.3 and 28.2 ppm, respectively. The other carbon signals of the monomer are also clearly assigned in (Fig. S9) . The FT-IR spectrum of Boc-LVF-EMA also evidenced the formation of tripeptidic monomer (Fig. S10A) , 25 where the presence of C=O (ester linkage) was confirmed by the appearance of two strong peaks at 1753 and 1728 cm -1 due to the stretching vibrations of carbonyl groups. Absorption band at 1162 cm -1 was observed due to the stretching vibration of C-O. The characteristic absorption bands of amide group of Boc-leucine 30 can be attributed to the peaks at 3300 and 1521 cm -1 .
RAFT polymerization
Recently, we demonstrated that the CDP based RAFT agent effectively polymerized side-chain amino acid 39 or dipeptide 10 based methacrylate monomers and produced narrow-disperse 35 polymers with high conversion and good molecular weight control. Therefore, RAFT polymerization of the tripeptidic monomer Boc-LVF-EMA was carried out under similar conditions at 70 o C in DMF using AIBN as initiator and CDP or mPEG n -CTA as RAFT agents for preparing peptidic side-chain 40 homo-and block co-polymers. Firstly, controlled character for the RAFT polymerization of Boc-LVF-EMA was examined by using CDP as CTA for achieving well-defined homopolymers. As depicted by Fig. 2A and 2B , linear pseudo-first-order kinetics plots and linear increment of M n with monomer conversion were 45 observed, indicated absence of side reactions such as chain transfer and termination. However, an induction period of approximately 10-20 min was observed, which could generally originate from small amount of residual oxygen and/or other trace impurities in the polymerization system. 40, 41 The obvious 50 increment in kinetics rate was observed by increasing the concentration of AIBN from 0.1 to 0.2 equivalent (Fig. 2A) . The unimodal RI traces in both homopolymerization compositions shifted smoothly toward lower elution volume with increasing monomer conversion and no high molecular weight species was 55 observed from bimolecular termination (Fig. 2C and 2D ). The polymers exhibited narrow PDI (< 1.4) and the number average molecular weight (M n,GPC ) determined from GPC matches reasonably with the number average theoretical molecular weight (M n,theo ) throughout the conversion ranges ( (Fig. S11A ).
In the next stage, to prepare amphiphilic peptidic side-chain 65 block copolymers, we performed RAFT polymerization of Boc-LVF-EMA monomer by using PEGylated macro-CTA, mPEG 2k -CTA and mPEG 5k -CTA, in DMF at 70 o C ( Table 1) . As depicted by Fig. S11B , GPC chromatograms shifted toward higher molecular weight region after the block copolymerization, 70 suggesting the chain extension was effective although little unreacted macro-CTA remained present in the block copolymer samples. Similar observations were already reported using mPEG-macro CTA. 42 The M n,GPC determined for the block copolymers were somewhat lower than the M n,theo values 75 determined based on conversion, probably due to the GPC calibration with respect to PMMA standards. The hydrodynamic volume of PMMA may be different compared to these block copolymers. 43 Nevertheless, these results suggest that PEGylated block copolymers with a side-chain peptide containing segment 80 can be successfully synthesized. All polymers are characterized by 1 H NMR spectroscopy. In the case of P(Boc-LVF-EMA), typical resonance signals for the different protons in the repeating units of the polymers are clearly assigned on the spectrum (Fig.  1B) . Comparison of the integration areas from the terminal -CH 2 -85 CH 2 -protons (from the HOOC-CH 2 -CH 2 -C(CN)(CH 3 )-chain end) at 2.3-2.6 ppm and the chiral proton of phenylalanine at 4.7-5.0 ppm of repeating unit (for -OCO-CH-NH-) allowed calculation of the number-average molecular weight (M n,NMR ) from NMR spectroscopy. Good agreement between the M n,GPC , 90 M n,theo and M n,NMR suggests controlled RAFT polymerization 5 (Table 1) . For mPEG n -b-P(Boc-LVF-EMA) block copolymers, 1 H NMR signals from both the blocks are observed (Fig. 3A) .
Deprotection of Boc-groups from side-chain peptide moiety
To obtain primary amino group in the side chain terminal of each peptidic units in the homo-and block copolymers, Boc-10 deprotection was carried out by using TFA/DCM (1:1 v/v ) at room temperature (Scheme 1). 44 Successful deprotection of Bocgroups was confirmed by the disappearance of Boc-proton signals at about 1.4 ppm in the 1 H NMR spectrum of Boc-deprotected homopolymer (Fig. 1C) and block copolymer (Fig. 3C) . In 15 addition, Boc-deprotection was further confirmed by FT-IR spectroscopy, by the disappearance of the absorption peak at 1521 cm -1 attributed to the N-H (amide II band) due to the conversion of Boc-group into -NH 3 + functionality ( Fig. S10 and  S12 ). The appearance of free primary amino group in those 20 pendant peptide terminals transformed these hydrophobic homopolymers and amphiphilic block copolymers into hydrophilic homopolymer P(H 3 N + -LVF-EMA) and double hydrophilic block copolymers mPEG n -b-P(H 3 N + -LVF-EMA), respectively. These terminal free primary amino groups carrying 25 peptidic polymers may find potential utility to a wide range of post-polymerization modification reactions to modulate their properties for various applications, which we will study separately in future.
Recently, Mori et al. have reviewed a variety of amino acid 30 based poly[(meth)acrylamide]s chiral polymers with side-chain terminal free carboxylic acid groups, which showed pH responsiveness due to the ionization/deionization of carboxyl groups at different pH. 13 Herein, the terminal primary amino groups of the peptidic moiety can be reversibly 35 protonated/deprotonated by altering the pH of their aqueous solution. 45 Hence, pH induced stimuli responsiveness of the synthesized polymers were analyzed from the turbidity measurement at 500 nm by UV-vis spectroscopy as a function of pH at 27 o C (Fig. 4A) . 46 hydrophobic nature due to deprotonation of amino groups and 5 achieve inter/intra-molecular aggregated state (Fig. S13 ). This phenomena of pH induced phase transition has been further illustrated by size distribution plot for a typical polymer mPEG 2k -b-P(H 3 N + -LVF-EMA) (Fig. S14) . Interestingly, these primary amine containing polymers were retaining their pH based stimuli 10 responsive behavior in PBS buffer solution also (Fig. S15) .
Self-assembly of polymers
The 1 H NMR spectrum of block copolymer mPEG 2k -b-P(Boc-LVF-EMA) in CDCl 3 (Fig. 3A) exhibited all NMR resonances from both of the block segments. While, corresponding 1 H NMR 15 spectrum in D 2 O displayed peaks corresponding to hydrophilic mPEG block, and complete disappearance of Boc-LVF-EMA resonances was observed, engendered by possible suppressed molecular activity of the aggregated hydrophobic P(Boc-LVF-EMA) core encircled by the hydrophilic mPEG block (Fig. 3B) . This phenomena strongly exhibits formation of a stable higherorder morphology having a highly viscous inner core. 48 The selfaggregation behaviour of amphiphilic mPEG n -b-P(Boc-LVF-EMA) block copolymers in aqueous medium was investigated by fluorescence spectroscopy. The critical aggregation concentration 25 (CAC) was determined by employing pyrene as an extrinsic probe. 10 The relative emission intensities of pyrene probe at 392 and 373 nm (I 392 /I 373 ) was indicative of the polarity of its microenvironment. The ratios of fluorescence intensities I 392 /I 373 (λ ex = 339 nm) were plotted against the concentration logarithm of 30 the block copolymer (Fig. 4B) . The CAC values were determined from the calculated polymer concentration value at which the relative fluorescence intensity ratio began to change. The observed CAC values of mPEG 2k -b-P(Boc-LVF-EMA) and mPEG 5k -b-P(Boc-LVF-EMA) was 3.0 and 3.2 µg/mL, 35 respectively. The lower CAC value of former amphiphilic polymer can be attributed to its longer hydrophobic amino acid block length.
As illustrated by FE-SEM and AFM studies, hydrophobic homopolymer P(Boc-LVF-EMA) self-assembled to form 40 spherical morphology in polar methanol solution with an average diameter of about 450 nm (Fig. S16) . However, corresponding Boc-deprotected homopolymer P(H 3 N + -LVF-EMA) assembled to form toroid like morphology in methanol solution with an average diameter of 1.7 µm (Fig. 5 and Fig. S17) . 49 The 45 correlation of these AFM result to its CD result (vide infra), suggests the presence of secondary structuring in inside region of these nanostructures. 11 Interestingly, the investigation by FE-SEM of the drop cast of the aqueous solution of primary amine group carrying homopolymer P(H 3 N + -LVF-EMA) over silicon 50 wafer displayed miceller aggregated nanostructures of 327 nm diameter, correlated to the dynamic light scattering (DLS) data that exhibited the size distribution of 340 nm (Fig. S18) . This phenomenon was engendered by the presence of hydrophobic segment having methacrylate backbone and alkyl groups (in 55 leucine and valine) and benzyl group (in phenylalanine) in each peptidic repeating unit as well as the presence of hydrophilic primary amine terminals and polar segment of oxyethyl peptidic backbone of each monomer unit. 50 Additionally, the presence of amide and amine groups in each of the repeating unit can further 60 induce secondary interactions in solution creating supramolecular assemblies.
Chiroptical properties
The as synthesized polymers can have supramolecular chirality originating from the self-association of their tripeptidic 65 constituents during the process of self-assembly of polymers in solution. Therefore, the CD spectroscopy was used to assess the ability of these peptidic polymers to adopt secondary structures in solution. As compared to tripeptide Boc-LVF-OMe, the homopolymer P(Boc-LVF-EMA) in dilute methanol solution 70 exhibited a strong negative minimum at 222 nm with a very weak positive signal at 202 nm (Fig. 6A) , demonstrating the alteration in conformation by transforming tripeptide moiety to its derived homopolymer. The pattern of the peaks for P(Boc-LVF-EMA) in the CD spectrum is similar to that generally found (but not by exact positions of peaks) for the β-sheet secondary structure 10 (positive maximum at 197 nm and negative minimum at 218 nm) of proteins. 51 However, the particular spectral trend confirmed that the self-assembled structure of P(Boc-LVF-EMA) was mostly governed by β-pleated sheet arrangement.
11,52-54
Furthermore, we employed solid-state FT-IR spectroscopy to 15 understand the formation of β-sheets as well as distinguishing between its parallel and antiparallel propensity. Typically, the FT-IR spectrum of P(Boc-LVF-EMA) homopolymer depicted the existence of amide I band at 1692 cm -1 which can be assigned to antiparallel β-sheet conformations (Fig. 6B) . 4, 17, 55 Additionally, 20 the appearance of peak in the amide II region at 1521 cm -1 and in amide V region at 700 cm -1 along with the absence of band at 620 cm -1 (corresponds to α-helix conformation), further supported the existence of β-sheet characteristics of the polymer. 56, 57 For the corresponding Boc-deprotected polymer P(H 3 N + -LVF-EMA) 25 negative CD signal at 223 nm persist with the strengthening of peak maxima at 202 nm, suggesting the β-sheet conformation persists even after the terminal Boc-group deprotection (Fig. 6A) .
In case of Boc-protected PEGylated peptidic block copolymer mPEG 2k -b-P(Boc-LVF-EMA), a strong clear negative minimum 30 at 222 nm was observed along with a positive peak at 201 nm ( Fig. 7) , whereas after Boc-deprotection, mPEG 2k -b-P(H 3 N + -LVF-EMA) shows the corresponding positive maximum shifted to 205 nm with the persistence of negative peak at 223 nm. In case of mPEG 5k -CTA derived block copolymer, we observed 35 similar CD patterns both before and after Boc group deprotection (Fig. S19A) . These results demonstrated that these side-chain tripeptidic polymers exhibit specific β-sheet secondary structures in solution (Fig. S20) , which are independent of the mPEG block length and also the molecular weight of the peptidic block 40 segment. To understand the effect of temperature on side-chain tripeptidic polymer's conformation in solution, CD spectra are recorded for Boc-protected homopolymer P(Boc-LVF-EMA) in methanol solution (Fig. 8A) and Boc-deprotected block copolymer mPEG 2k -b-P(H 3 N + -LVF-EMA) in aqueous media 45 ( Fig. S19B) at different temperatures. Apparently, these polymers did not show substantial conformation changes upon temperature increase, suggesting that the adopted β-sheet conformation was thermodynamically stable within experimental temperature range.
To study the effect of solution pH on the chiroptical properties of 50 the deprotected polymers, we analyzed aqueous solutions of mPEG 2k -b-P(H 3 N + -LVF-EMA) at different pH by CD spectroscopy. As illustrated by Fig. 8B , almost similar CD spectra having superimposable negative minima were observed in the pH lower than 6.0, suggesting persistence of its β-sheet ( Fig. 7) is comparable to its spectrum in aqueous media (Fig. 8B) , exhibiting the persistence of β-sheet conformation and further indicates that the interaction of polymer with solvent are not apparently strong enough to disrupt the H-bonding found in the folded structure. The solvent polarity-independent conformational 15 properties of the polymers were further illustrated in Fig. S21 by recording the CD spectra in solvents of different polarity. Since external addition of urea can generally denature H-bonded secondary structure of proteins, 58 we further investigated the effect of urea on the acquired conformation of the side-chain 20 tripeptidic polymers. The CD spectra pattern remained unchanged with the persistence of negative maxima at 222 nm even upto very high concentration of urea (Fig. S22) . However, we observed little decrement in the intensity of 222 nm peak, due to the decreased concentration of polymer after the addition of urea 25 from stock solution. Such high stability can be attributed to the presence of strong H-bonding in the β-sheet conformations. + ) pendants at acidic pH, indicating cationic nature of the deprotected polymers. To investigate the DNA binding ability of the side-chain peptide containing homo-and block co-polymers, different polymer/DNA weight ratios ranging from 0.1 to 10 were mixed to obtain polyplexes. Their ionic interaction, electrolytic 40 stabilities and electrophoretic mobility was studied by gel electrophoresis. 59, 60 In the gel lower migration of DNA indicates the more stability of the ionic polyplex, which also denotes strong interaction between polymer and DNA. In case of P(H 3 N + -LVF-EMA), it was observed that the polyplex at weight ratio from 0.1 45 to 0.6 displayed migration of pDNA across the gel similar to that observed for the free pDNA but with decrement in the intensity (Fig. 9A) . With further increment in weight ratio, no migration of the pDNA confirmed the formation of stable polyplex at higher ratios of polymer/DNA and all pDNA molecules were involved 50 in the formation of complexes with the peptidic homopolymer, suggesting their possible gene transfer applications. For the mPEG 5k -b-P(H 3 N + -LVF-EMA) block copolymer, we observed similar formation of stable polyplex, but the corresponding complete complexation was achieved at relatively higher 55 polymer/DNA weight ratio (Fig. 9B) . Here, relatively more amount of cationic polymer was required to attain complete DNA complexation due to the steric hinderance offered by the PEG chains. 61 The achieved ratio for complete complexation of pDNA by these peptidic polymers depends on the peptide block length 60 and the presence of mPEG block would influence and tend to coat the bundling of pDNA with peptide side chains.
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Cytotoxicity and cellular uptake studies
As a drug delivery system, the cytotoxicity assessment of the carrier is a key index for its future biomedical applications. Thus, 65 the biocompatibility of these peptidic side-chain polymers in vitro was evaluated by the MTT assay against MCF-7 (human breast cancer) cell lines. Fig. 9C demonstrated negligible cytotoxicity profiles of the polymers at concentrations up to 200 µg mL -1 following long-term incubation for 24 h. Confocal microscopic 70 study of peptidic block copolymer treated MCF-7 cells revealed no obvious change in nuclear structure with retained morphological integrity of the cells as compared to the control (Fig. S23A) . Lastly, side-chain peptide containing polymers compatibility for cell encapsulation was studied. Cellular uptake of drug (Dox) or dye (nile red) loaded PEGylated peptidic block copolymer based micelles (Fig. S24) , were further determined by confocal laser scanning microscopy (CLSM). Fig. 9D shows dose 10 dependent cellular uptake of hydrophobic nile red dye loaded mPEG 2k -b-P(Boc-LVF-EMA) micelle in MCF-7 cells after incubation for 24 h. Diffused accumulation of dye loaded micelles in the intracellular matrix as well as in the nucleus suggesting their potential application as a biomarker for 15 pharmaceutical applications. 63 Furthermore, the fluorescence microscopy images of MCF-7 cells treated with doxorubicin based anticancer drug loaded mPEG 5k -b-P(Boc-LVF-EMA) micelles further confirmed their dose dependent cellular internalization, which suggests their possible application for 20 cancer treatment (Fig. S23B) .
Conclusions
In summary, we have successfully demonstrated a simple and efficient approach to synthesize side-chain peptide containing polymers by RAFT technique in a controlled fashion. Using 25 mPEG-macro CTA, we have further prepared tripeptide based amphiphilic hybrid biomaterials mPEG n -b-P(Boc-LVF-EMA) and the cellular uptake studies of their dye or drug encapsulated micelles confirmed their promising bioapplications for cancer detection or treatment. Boc-group deprotections from the side- 30 chain peptide units engendered terminal primary amino group pendants with pH responsiveness and cationic properties, which were able to form strong complexes with pDNA. These peptidic polymers exhibited biocompatible nature as confirmed by MTT assay against MCF-7 cells. CD studies of these peptidic polymers 35 in solution illustrated the formation of strong β-sheet motifs which retained even after the Boc-group deprotection. The antiparallel β-sheet motif was independent of solvent polarity, PEGylation of homopolymer, block length of PEG or peptidic segment in the block copolymer, as well as temperature. 40 However, the β-sheet conformation was retained only upto the transition pH point, and continuous disruption was observed as the pH was further increased. Finally, it can be proclaimed that the strategy employed for preparing well-defined peptidic hybrid synthetic macromolecules with cationic, biocompatible and pH- 45 responsive properties, may provide new opportunities and fundamental guidelines to design promising 'smart' nano-carrier with excellent performance for both drug and gene delivery system in biomedicine. 64 We are currently studying highly ordered hierarchical organization from these amphiphilic block 50 copolymers in detail and application of these macromolecules towards inhibition of amyloid-β 40 (Aβ40) peptide aggregation, involved in Alzheimer's disease. 
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